There are now many reports of human kidney organoids generated via the directed differentiation of human pluripotent stem cells (PSCs) based on an existing understanding of mammalian kidney organogenesis. Such kidney organoids potentially represent tractable tools for the study of normal human development and disease with improvements in scale, structure, and functional maturation potentially providing future options for renal regeneration. The utility of such organotypic models, however, will ultimately be determined by their developmental accuracy. While initially inferred from mouse models, recent transcriptional analyses of human fetal kidney have provided greater insight into nephrogenesis. In this review, we discuss how well human kidney organoids model the human fetal kidney and how the remaining differences challenge their utility.
Directed differentiation of human pluripotent stem cells to specific cellular endpoints has opened up the possibility of tissue regeneration for an increasing variety of human tissue types. The organotypic self-organization of cells within differentiating human pluripotent stem cell (hPSC) cultures to form what are now referred to as "organoids" (Lancaster and Knoblich 2014) has provided researchers with complex multicellular models of developing human tissues including optic cup, intestine, cerebral cortex, stomach, pituitary, colon, and lung (Eiraku et al. 2011; Spence et al. 2011; Lancaster et al. 2013; McCracken et al. 2014; Ozone et al. 2016; Múnera et al. 2017; Miller et al. 2018) to name a few. In each example, the approach taken has been to try to recapitulate the signaling events required to move the pluripotent stem cell population through an appropriate primary germ layer and on to a specific tissue endpoint in a stepwise fashion. While the cellular complexity, transcriptional congruence, and tissue morphology achieved has been remarkable, with clear parallels to developmental organogenesis, all such models represent a developing tissue model, usually no more mature than human trimester 2. Nevertheless, this has represented an unparalleled approach to modeling human tissue in vitro. The development of protocols for the recreation of the kidney is of great interest to the field of nephrology who have previously either relied on the mouse as a molecular and cellular model of mammalian kidney development or used primary or immortalized cell types to understand development and disease.
The kidney is a very complex tissue, comprising >25 distinct cell types in the postnatal organ. The functions of the kidney include fluid homeostasis, removal of nitrogenous waste products, and the regulation of blood pressure, bone density, and red cell count. Kidney disease can result from inherited mutations but can also arise after chronic injury, such as inflammatory disease and diabetes. A major target of toxic injury, the kidney is also significantly susceptible to drug-induced toxicity. As a result of all these conditions, chronic kidney disease is growing at 6% per annum worldwide, whereas end-stage kidney disease remains treatable only via transplantation or dialysis. The advent of stem cell-derived models of the human kidney have understandably been of significant interest to the nephrology community as potential models for the screening of drugs, improved understanding of disease aetiology, and sources of replacement renal tissue. However, at present, kidney organoids are a model and are some way from representing the human kidney itself. As has been the case for other hPSC-derived organoids, they are recognizable as a model of the developing human kidney and not the functional postnatal kidney. Indeed, their capacity to model even the developing kidney is still being fully examined. In this review, we pose the question of whether kidney organoids do indeed represent accurate avatars with which to model human kidney disease or to understand human kidney development and, if not, what advances are needed to improve their utility.
The development of the mammalian kidney
To understand how kidney organoids are recognizable as a developing kidney requires a deep understanding of how the mammalian kidney forms. Adult kidneys arise as a result of interactions between two key cell populationsthe nephric duct and the metanephric mesenchyme. Both populations are specified in the intermediate mesoderm, which is derived from the primitive streak and regionalized by signals restricted in time and space . The nephric duct originates in the anterior intermediate mesoderm, while the metanephric mesenchyme derives from the posterior intermediate mesoderm (Taguchi et al. 2014; Xu et al. 2014) . The nephric duct and the precursor for the metanephric mesenchyme (the nephrogenic cord) sit adjacent to each other and interact to form three paired kidney structures (the pronephros, mesonephros, and metanephros) across developmental time (Fig. 1A; Saxen and Sariola 1987) . While the metanephros is the only structure to persist into adulthood in amniotes, nephron-like structures form within the pronephros and mesonephros via a mesenchyme to epithelial transition in response to canonical WNT signaling from the nephric duct and display similar patterning to early-stage nephrons in the metanephric kidney ( Fig. 1A -C; Mugford et al. 2008b; Georgas et al. 2011) . Formation of the metanephric kidney occurs in the posterior region of the embryo near the hindlimb buds as the nephrogenic cord condenses into a comet-shaped mass referred to as the metanephric mesenchyme ( Fig. 1D ; Wainwright et al. 2015) . This is distinguished from the rest of the nephrogenic cord by expression of Hox11 genes, which are involved in specification of the metanephric kidney and the posterior of the embryo (Wellik et al. 2002; Mugford et al. 2008a ). GDNF signaling from the metanephric mesenchyme to RET receptor tyrosine kinase and coreceptors in the nephric duct induces outgrowth of the ureteric bud ( Fig. 1E ; Costantini and Kopan 2010) . The site of ureteric bud outgrowth is tightly regulated; however, anterior nephric duct is also capable of budding given appropriate signals (Costantini and Kopan 2010; Taguchi and Nishinakamura 2017) .
The ureteric bud, stromal, and nephron progenitor cells in the metanephric mesenchyme establish the main lineages of the developing kidney. Six2 + Cited1 + nephron progenitor cells give rise to all segments of the epithelial nephrons (Boyle et al. 2008; Kobayashi et al. 2008) , the entire ureteric epithelium derives from Ret+ ureteric tip cells (Chi et al. 2009 ), and Foxd1 + stromal progenitors give rise to the majority of renal stromal cell types (Kobayashi et al. 2014) , complemented by Tbx18-derived stromal cells (Bohnenpoll et al. 2013) , which arise as the ureteric bud grows into the metanephric mesenchyme. Other major cell types in the developing kidney include macrophages (Rae et al. 2007; Munro et al. 2019) , vasculature (Munro et al. 2017; Daniel et al. 2018) , and nerves (Sariola et al. 1988) . The extent to which these latter cell types influence organogenesis is still emerging.
Kidney growth is driven by reciprocal interactions between stromal, ureteric tip, and nephron progenitor popu-lations in the periphery of the kidney. These populations, together with the surrounding vasculature, form the nephrogenic niche. Factors including GDNF, FGF, and BMP ligands produced by nephron progenitors promote proliferation and branching morphogenesis in the underlying tip (Costantini and Kopan 2010) . In response, BMP, FGF, and low levels of canonical Wnt signals in the top of the ureteric tip support nephron progenitor identity and proliferation, maintaining a pool of progenitors to continue to support branching morphogenesis ( Fig. 1B,E ; Karner et al. 2011; Barak et al. 2012; Brown et al. 2015; O'Brien et al. 2018) . It is proposed that higher levels of WNT9B expression in the ureteric tip-stalk junction triggers adjacent nephron progenitors to undergo a mesenchyme-to-epithelial transition to form an early nephron (Fig. 1B,E; Carroll et al. 2005) . Nephron commitment is dependent on canonical Wnt activity and can be induced by pharmacological stabilization of the Wnt transcriptional effector β-catenin (Kuure et al. 2007) . Notch signaling is also required and sufficient for nephron progenitor differentiation into the early epithelial nephron, presumably downstream from canonical Wnt (Fujimura et al. 2010; Chung et al. 2016) . Foxd1 + cells within the nephrogenic zone stroma contribute to regulation of the niche, at least in part through atypical cadherin FAT4, which is proposed to promote differentiation in nearby nephron progenitors via cell-cell interactions (Das et al. 2013; Bagherie-Lachidan et al. 2015) . Signaling input from the vasculature to the nephrogenic niche is likely but as yet undefined. Indeed, signaling from the forming nephrons back to the adjacent nephron progenitors, ureteric epithelium, and stroma is also likely but uncharacterized.
Nephron commitment, patterning, and segmentation
The self-sustaining nephrogenic niche at the periphery of the developing organ drives kidney growth through consecutive rounds of branching and nephron induction. As a result, the kidney rapidly develops complex threedimensional architecture with molecular patterning evident in each major lineage. Mature nephrons are comprised of specialized segments that regulate fluid balance, solute uptake, and excretion of metabolic waste. These include a connecting segment that joins the nephron to the ureteric tip, followed by the distal tubule, Loop of Henle that drops into the medullary stroma, proximal tubule that rises back up to the cortex, and podocytes that encase a capillary bed to facilitate blood filtration ( Fig. 1E ). Patterning of the early nephron first emerges as induced progenitors aggregate and transition into an epithelial cyst referred to as the renal vesicle. The distal portion of the renal vesicle, closest to the ureteric tip, features elevated levels of Wnt4, Lhx1, Bmp2, Jag1, and Dll1, whereas the proximal portion is marked by Wt1 (Georgas et al. 2009 ). This early patterning is propagated into subsequent Comma-and S-shaped body stages named after the morphology of the forming nephron ( Fig. 1E ). By the S-shaped body stage distinct distal, medial, and proximal domains are evident, which are assumed to represent segment-restricted precursor populations based on the expression of marker genes that are later specific to corresponding mature nephron segments. Indeed, lineage tracing of Lgr5 + cells in the early distal nephron labels mature distal tubule and part of the adjoining Loop of Henle (Barker et al. 2012) . While the initial drivers of nephron patterning are unclear, this may include regionalized signals derived from the adjacent ureteric epithelium (2015) . (G) Illustration of nephron arcading in the human kidney (https://abdominalkey.com/development-of-the-kidney). (H) Illustration of live imaging setup for developing mouse kidney explant cultures from Lawlor et al. (2019) . (I ) Tracking nephron progenitor cell movement (red dots and lines) over time. Ureteric tip is shown in green. (I-K) Cells labeled (red) with an inducible Cre driven by the Wnt4 promoter in the early committing nephron can integrate back into the progenitor population by cell migration. Green in I and J is GFP expression in the tip, green in K is NCAM staining, and white staining in K shows expression of nephron progenitor marker SIX2. I is from Combes et al. (2019a) ; J and K are from Lawlor et al. (2019) . and other surrounding cell types. Several genes with restricted expression patterns in the early nephron play important roles in patterning. Renal vesicles lacking Wnt4 fail to progress to Comma or S-shaped bodies (Stark et al. 1994) . Nephrons lacking Lhx1 fail to form a proximal-distal axis and lack expression of LHX1 target genes Brn1 and Dll1 (Kobayashi et al. 2005) and Brn1 is subsequently required for correct formation of distal and medial nephron segments (Nakai et al. 2003) . Hnf1b is restricted to the medial segment of the S-shaped body. Removal of this gene from forming nephrons results in a down-regulation of Notch regulators Dll1 and Jag1 followed by dramatic loss of proximal and medial nephron segments, with abnormal glomeruli connecting to the ureteric epithelium through a truncated distal tubule (Heliot et al. 2013) . Likewise, Wt1 regulates podocyte transcriptional programs (Dong et al. 2015; Kann et al. 2015; Lefebvre et al. 2015) in the proximal nephron, and may repress distal and medial nephron fates by repressing Pax2 (Ryan et al. 1995) . Indeed, the proximal nephron does not express Cdh1, suggesting a distinct cell-cell adhesion property to the distal nephron (Georgas et al. 2009 ). Both Wnt and Notch signaling have been implicated in establishing nephron patterning. A gradient of Wnt activity is evident in the renal vesicle and S-shaped body with highest levels in the distal nephron, moderate levels in the medial segment, and low activity in the proximal nephron (Lindstrom et al. 2015) . Promoting canonical Wnt signaling in culture favors formation of distal nephron segments, whereas Wnt inhibition favors proximal fates (Lindstrom et al. 2015) . Genetic or pharmacological disruption of Notch signaling also has a profound impact on nephron formation (McCright et al. 2001; Cheng et al. 2003 Cheng et al. , 2007 Surendran et al. 2010; Chung et al. 2017 ). While initial studies proposed a major role for Notch signaling in regulating proximal nephron fate, recent work demonstrates that deletion of Notch1 and Notch2 from nephron progenitors or the early committing nephron results in a failure to progress past renal vesicle stage and a lack of all subsequent nephron segments (Chung et al. 2016 . Conversely, ectopic activation of Notch signaling in nephron progenitors or early developing nephrons promoted nephron formation but did not bias cell fate towards a proximal identity (Fujimura et al. 2010; Chung et al. 2017 ). However, early loss of Notch receptors from nephron progenitors did disrupt proximal-distal patterning, with the expression domain of LHX1 expanded into the proximal renal vesicle, and lower levels of HNF1B in the aberrant early nephrons that did form . Likewise, the lack of proximal nephrons in Hnf1b conditional knockout models may be mediated by dysregulation of notch ligands including Dll1 and Jag1 in the medial and proximal S-shaped body (Heliot et al. 2013) . Study of the mechanisms regulating specification and patterning of nephron segments has been hampered by key regulatory components playing multiple roles in different aspects of nephron formation and broader kidney development. However, advances in imaging (Lindstrom et al. 2018d ) and single-cell sequencing (covered below) are delivering unprecedented insight into the cell types and regulatory programs that govern nephron patterning.
Similar to the developing nephron, the ureteric bud develops into a branched network with distinct zones of gene expression defining tip, stalk, and medullary domains of this epithelium (Thiagarajan et al. 2011; Rutledge et al. 2017) . Ultimately, the ureteric epithelium serves to collect urinary filtrate from the nephrons and channel this through the renal pelvis and out a single ureter to the bladder. The renal stroma is also divided into distinct anatomical regions that are reflected in unique gene expression profiles including the nephrogenic zone, cortical, and medullary zones, as well as specialized stroma surrounding the ureter (Thiagarajan et al. 2011; Magella et al. 2018; Combes et al. 2019a,b) . The importance of crosstalk between cell compartments within these regions remains to be determined, but interactions between cell types in the nephrogenic zone as described above and ureter mesenchyme (Yu et al. 2002) suggest that patterning and regionalized interactions are essential to development of a functional kidney.
Anatomical and molecular comparisons between mouse and human kidney development
Human kidney development has obvious differences from that of the mouse in terms of scale, timing, and gross morphology. Human kidneys develop over 30+ wk from ureteric bud outgrowth compared with just over a week in mice (Fig. 1F; Osathanondh and Potter 1963; Little 2015; Lindstrom et al. 2018c) . Human kidneys also have a distinct lobed structure not apparent in the mouse kidney (Treuting and Kowalewska 2011) and nephrons continue to form after branching has ceased by "arcading" where up to seven nephrons connect to each other in series and back into a single tip (Fig. 1G; Osathanondh and Potter 1963; Oliver 1968 ). The morphology of these arcading nephrons suggests the intriguing possibility of a partially committed nephron progenitor cell population that persists independent of the nephrogenic niche for a sustained period of embryogenesis. The capacity for nephrons to connect to other nephrons, rather than the ureteric tip, may also be unique to human kidney development, although there is one report describing a process of arcading within nephrons of the mouse kidney (Zhai et al. 2006 ). Despite these differences, genes that cause renal phenotypes when disrupted in mice are linked to similar outcomes in humans, suggesting some conservation of molecular mechanisms (Vivante et al. 2014; Vivante and Hildebrandt 2016) .
Although images of fixed tissue show cells in an ordered state, mouse kidney development in vivo is a highly dynamic process. Time-lapse imaging has revealed that nephron progenitor cells move within and between adjacent niches, attaching and detaching from the ureteric tip, with these behaviors influencing their capacity to commit (Fig. 1H-K; Combes et al. 2016; O'Brien et al. 2018; Lawlor et al. 2019 ). These motile progenitors swarm around the tips of the ureteric epithelium, which are branching at a rapid rate (Cebrián et al. 2004; Watanabe and Costantini 2004) . Each branching event divides the cells within the ureteric tip and the surrounding nephron progenitors in two, driving a decrease in the size of the nephrogenic niche Short et al. 2014) . While such live imaging has not been possible in humans, similar changes in niche size and accompanying changes in morphology are observed during human kidney development (Lindstrom et al. 2018c) . Rapid rates of branching and cell proliferation gradually slow across development until birth in mice or 36 wk of gestation in humans when nephron progenitors undergo a final burst of commitment (Hartman et al. 2007; Rumballe et al. 2011) . In mouse, this commitment event results in up to five nephrons connecting to a single tip . After this point, nephron number is set and any insult or injury that reduces nephron number or function must be compensated for by hyperfiltration from remaining nephrons. In this respect, both mouse and human are the same.
Recent anatomical and molecular comparisons between human and mouse kidney development have clarified points of similarity and divergence between the species (Lindstrom et al. 2018b,c,d) . Early human kidney development bears a striking resemblance to mouse with outgrowth of the ureteric bud and early branching and nephron induction events conserved at a morphological level, albeit on a longer time scale (Lindstrom et al. 2018c ). This longer time scale of nephron formation in humans led to new insight into nephron patterning. Nephron progenitor cells were observed to "stream" into the early committing nephron in human. Subsequent mouse studies showed the timing of progenitor recruitment predicts cell position and fate in the S-shaped body stage where nephron patterning is first evident (Lindstrom et al. 2018a ). Cell type-specific antibodies established in mouse were used to visualize equivalent cell populations in the developing human kidney though several marker genes established in mouse were not expressed in the human kidney or were expressed in different regions (Lindstrom et al. 2018c) . Detailed comparison of nephron formation and patterning between human and mouse revealed strong conservation between species and yielded additional insight into early nephron patterning (Lindstrom et al. 2018d ). Comparison of nephron and stromal progenitors in the renal cortex again revealed a conservation of most established markers from each population from mouse with some distinct differences. The transcriptional regulator SIX1 continues to be expressed in human nephron progenitors and appears to be functionally redundant with family member SIX2 (O'Brien et al. 2016) . In contrast, mouse Six1 is down-regulated prior to nephrogenesis and Six2 plays an essential and nonredundant role in nephron progenitor maintenance (Self et al. 2006) . A prominent point of difference to mouse is the transcriptional profile of stromal and nephron progenitors, which overlaps to a greater extent in human, including key stromal transcription factors such as FOXD1, which are exclusive to stromal progenitors in mouse (Lindstrom et al. 2018b ). The morphological characteriza-tion and transcriptional profiling of whole human fetal kidneys from 9 to 21 wk of development (Lindstrom et al. 2018c ) and isolated human stromal and nephron progenitors (Lindstrom et al. 2018b ) provides a valuable reference for human kidney development and has served to provide context for recent single-cell profiles of the developing human kidney.
The advent of single-cell RNA-sequencing (scRNA-seq) has coincided with a surge in research involving human fetal kidney tissue. This convergence has accelerated the characterization of cell types, marker genes, and inferred lineage relationships in human kidney development. Covering an age range of 7-25 wk of embryonic development, several studies resolved clusters representing cell types from the stromal, nephron, and ureteric epithelium lineages as well as endothelial, blood, and immune cells ( Table 1 ; Lindstrom et al. 2018a,b; Menon et al. 2018; Wang et al. 2018; Young et al. 2018; Hochane et al. 2019) . One study also detected a low number of neural precursor cells (Young et al. 2018) . Each cell type within the human fetal kidney is identifiable by expression of marker genes established in mice but closer inspection reveals species-specific differences. As such, these data have served as a primary reference for comparison to cell types within human iPSC-derived organoids (Wu et al. 2018; Combes et al. 2019b ). Pseudotime analysis of single cells is a computational method to organize the transcriptional profiles of each cell along a developmental trajectory, enabling inference of cell state transitions and lineage relationships (Trapnell et al. 2014) . Such analyses applied to single cells from the human fetal kidney largely replicate the expected developmental trajectory from nephron progenitor to more mature nephron cell states though the branch points identifying the divergence between progenitor and podocyte, proximal, and distal nephron fates vary between studies (Lindstrom et al. 2018a; Menon et al. 2018; Wang et al. 2018; Hochane et al. 2019) . For example, Lindstrom et al. (2018a) report human podocytes developing along a trajectory distinct from the precursors of the proximal and distal nephron, whereas results from Hochane et al. (2019) identify podocytes diverging after a common precursor state that also gives rise to proximal and distal tubular fates. Heterogeneity within the nephron progenitor population is evident in most studies, though the biological significance of differences between the subpopulations is not always clear. Cells of the ureteric epithelium appear to be underrepresented in all data sets, potentially as a result of a dissociation bias against cells with strong cell-cell adhesion. As such, insight into this lineage has been limited but there is support for maintenance of progenitors in the ureteric tip and a distinct stalk/trunk identity (Rutledge et al. 2017; Menon et al. 2018) . Within the stromal lineage, several distinct clusters were identified in each study, but our understanding of the identity and location of these populations is still emerging. While these profiles represent a major step forward in understanding the cellular composition of the human fetal kidney, several definitive marker genes and signaling pathway components like Wnt, FGF, and TGFB ligands, and ureteric epithelium markers WNT11 and WNT9B, were not consistently detected. These markers are detected in whole-kidney bulk RNA-seq (Lindstrom et al. 2018c), but the cell type expression remains unclear. Further profiling of high-quality tissue samples at greater cell number and read depth will clarify local signaling environments and inform attempts to improve the specification, maintenance, and differentiation of human renal cell types. Although nephron number is determined around birth, human and mouse kidneys continue to mature postnatally. An increase in the functional capacity of the postnatal kidney correlates with the maturation of the final burst of nephrons. Histological sections and single-cell profiling of developing (Adam et al. 2017; Magella et al. 2018; Park et al. 2018; Combes et al. 2019b ) and adult mouse kidneys indicate a shift in the proportion of cell types from roughly equivalent numbers of stromal and epithelial cell types during development to an overrepresentation of nephron epithelium in the cortex of the adult kidney with a bias towards proximal tubule. Detailed microdissection studies from mature rat kidneys identified transcriptional profiles for 14 distinct nephron segments (Lee et al. 2015) , whereas around seven have been identified during development in mouse (O'Brien and McMahon 2014) . While there are known to be distinct molecular and metabolic changes in specific nephron cell types between development and adulthood as renal function increases after birth, these have not been thoroughly examined.
Understanding mammalian kidney development gives an insight into how renal cell types are specified and interact to form a functioning organ. Knowledge of these mechanisms informs attempts to recreate cell types and organs by approximating developmental programs in a dish. These endeavors depend on understanding cell type-specific gene expression patterns and the molecular mechanisms that regulate cell type specification, expansion and interaction.
Building a kidney organoid from pluripotent stem cells
The generation of pluripotent stem cell-derived organoids has become a major area of activity in the past decade. This has been an extension of earlier approaches to use an understanding of developmental principles to guide embryonic stem cells towards a specific lineage or cellular endpoint. Indeed, this was first demonstrated using mouse embryonic stem cells before the generation of the first human embryonic stem cell (Thomson et al. 1998) or induced pluripotent stem cell lines (Takahashi and Yamanaka 2006; Takahashi et al. 2007 ). The observation that in vitro differentiation protocols could recapitulate complex multicellular organotypic differentiation was really first evident in approaches in which 3D embryoid body culture was used to generate blood or myocardium (Doetschman et al. 1985; Keller et al. 1993) . Embryoid body (EB) culture, in which an aggregate of undifferentiated embryonic stem cells was shown to spontaneously give rise to all three germ layers (Hirst et al. 2006) , then became the starting point for many directed differentiation stud-ies. The standardization of cell number in such aggregates (spin EBs) (Ng et al. 2005 ) was used to differentiate to pancreas (Micallef et al. 2007 ) and blood (Ng et al. 2005 ) and the EB culture of human reporter lines for the MIXL1 transcription factor recapitulated gastrulation at the level of gene expression. The realization that complex models of developing tissues were arising in such cultures was perhaps most notably reported with the generation of human optic cup and pituitary organoids (Eiraku et al. 2008; Suga et al. 2011; Sasai 2013) . However, reports of complex organotypic structures had previously been reported for pancreatic buds (Micallef et al. 2007 ) and intestine (Spence et al. 2011 ). Application of this type of approach was rapidly adopted to spectacular effect, with the formation of tissue as complex as the human cerebral cortex (Lancaster et al. 2013 ) and specific tailoring of differentiation protocols to generate the entire extent of the gastrointestinal tract from oesophagus to colon (McCracken et al. 2014 (McCracken et al. , 2017 Múnera et al. 2017; Trisno et al. 2018) . What is evident from all of these protocols is that the tissue generated is fetal in nature and that morphogenetic patterning is variable between organoids and even further between lines and individual experiments (Phipson et al. 2019) . Hence, unlike the embryo itself, which can get it largely right every time, these are models with maturation and structural deficits. For obvious reasons, they are also limited in their capacity to reach endpoint differentiation or full scale by virtue of their in vitro unperfused state. In large part, these models are also lacking a neural and immune system, although some approaches are including such cellular components either as additional elements during differentiation (Schlieve et al. 2017 ) and/or transplantation for subsequent vascularization (Cortez et al. 2018; Daviaud et al. 2018 ).
In the kidney, the first evidence that progress was being made came with a series of publications in early 2014. Taguchi et al. (2014) , working from mouse through to human, carefully defined a stepwise protocol for the generation of the metanephric mesenchyme (MM) (Taguchi et al. 2014) . This mesenchyme could be induced to form nephrons comprising glomeruli attached to nephrons in response to a source of canonical Wnt signaling ( Fig. 2 ; Taguchi et al. 2014 ). The resulting glomeruli would vascularize when transplanted under the renal capsule (Sharmin et al. 2016) . At the same time, Takasato et al. (2014) reported a distinct stepwise approach initially using a MIXL1-GFP reporter ES cell line cultured in monolayer in which branching epithelial trees surrounded by epithelializing nephron progenitors were evident within 3 wk of commencing culture (Fig. 2) . In this protocol, small kidney structures formed across the monolayer and while the formation of renal vesicles was observed, there were substantial areas of cells surrounding these structures that did not form kidney. In 2015, these approaches were followed by modified protocols that extended from pluripotency through to nephrogenesis with evidence for patterning and segmenting nephrons, sometimes accompanied by endothelial, perivascular, and seemingly appropriate stromal populations (Fig. 2; Freedman et al. 2015; Morizane et al. 2015; Takasato and Little 2015; . Morizane et al. (2015) induced aggregate formation in low-attachment wells. Freedman et al. (2015) plated in matrigel before monolayer culture with small nephroncontaining structures forming across the monolayer similar to that reported in Takasato et al. (2014) . This group have subsequently mechanically loosened such structures allowing them to float in suspension and have reported that this culture format facilitates the formation of tubular cystic structures in an edited hPSC line into which homozygous mutations for PKD1 have been engineered (Table 2 ; Cruz et al. 2017) . formed a micromass aggregate at the stages of intermediate mesoderm, resulting in large kidney organoids with ∼100 interconnected nephrons surrounding stroma and vasculature (Fig. 2) . In retrospect, there is evidence for the presence of an endothelial network in all of these protocols ( Fig. 2 ; R Morizane, B Freedman, R Nishisnakamura, pers. comm.). While each protocol varied in culture conformation, all drew on an understanding of the growth factor signaling required across embryogenesis (Takasato and Little 2015) and all have subsequently been widely applied as organoid models of the human developing kidney ( Fig. 2; Tables 1, 2) . As a result, these approaches broadly use the same signaling pathways and arrive as similar stages of differentiation in a remarkably congruent time frame (Fig. 2) .
While there have been other modifications or variations of these differentiation protocols published subsequently (Table 2) , these four protocols (Taguchi et al. 2014; Freedman et al. 2015; Morizane et al. 2015; have been the most widely adopted approaches for the generation of kidney tissue from human pluripotent stem cells (Tables 1, 2) and the most comprehensive transcriptional analyses have been performed on the Takasato and Morizane protocols in particular ; Figure 2 . A comparison between the seminal protocols in the field for the directed differentiation of human pluripotent stem cells to kidney tissue, highlighting the congruence of timing between these approaches. Immunofluorescence images illustrate the presence of segmented nephrons in all instances. While the observation of a surrounding vasculature was highlighted in , the protocols of Taguchi (Takasato et al. 2014; Taguchi and Nishinakamura 2015) . Reprinted with permission from Taguchi and Nishinakamura (2015) with permission from Elsevier. Unpublished images are presented for the final three protocols. Unpublished images were contributed by Lorna Hale (Takasato protocol) , Tomoyo Miyoshi, Ryuji Morizane, Navin Gupta, Kimberley Homan and Jennifer Lewis (Morizane protocol), and Nelly Cruz (Freedman protocol) . Scale bars, 50 µM. Wu et al. 2018; Combes et al. 2019b; Phipson et al. 2019; Subramanian et al. 2019) . We focus on our own protocol to illustrate how kidney organoid differentiation is performed and how we have validated the identity of component cell types within these structures. The Takasato approach involves the directed differentiation of human pluripotent stem cells, including either embryonic stem cells or induced pluripotent stem cells, as a monolayer subjected to an initial patterning to posterior primitive streak by virtue of the addition of either a canonical Wnt agonist or specific ratio of BMP4/ Activin A, followed by induction of intermediate mesoderm via the addition of FGF9 (Fig. 2) . In our original protocol (Takasato et al. 2014) , cultures spontaneously formed self-organizing structures comprised of a PAX2 + CDH1 + branching epithelium, described as ureteric epithelium, surrounded by a WT1 + mesenchyme that was undergoing a mesenchyme to epithelial transition to form renal vesicle structures, as evidenced by staining for CDH6 and JAG1. While this was the first report of a self-organizing kidney-like structure, these arose sporadically across the tissue culture dish and did not appear to make well-patterned nephrons. By examining the duration of the initial Wnt signaling, we subsequently showed that prolongation of the addition of CHIR shifted the population from a more GATA3 + anterior intermediate mesoderm to a more HOXD11 + posterior mesoderm, presumably favoring nephron formation . In addition, the protocol was altered to dissociate the cultures after day 7 and form an aggregate of cells Table 2 . Modifications to kidney organoid culture format to address specific applications Little and Combes (5 × 10 5 cells per aggregate) that was placed on a Transwell filter and subsequently subjected to culture at an air-media interface (Figs. 2, 3) . This approach was chosen to provide a more 3D environment within which the cells could self-organize and represents the approach that had classically been used to culture mouse embryonic kidneys for >50 yr (Saxen 1987) . Indeed, the capacity for an embryonic kidney to self-organize into an appropriate structure post dissociation to single cell had been demonstrated previously (Lusis et al. 2010; Unbekandt and Davies 2010; Hendry et al. 2013; Lefevre et al. 2017) . As a result of this change in protocol, we were able to form organoids that contained a connected epithelial network to which were attached patterning, segmenting, and elongating epithelial structure recognizable as early nephrons (Fig. 3A-E) . Each organoid contained ∼100 nephrons and reached a diameter of ∼4 to 8 mm within 18 d of culture postaggregation (Fig. 3A,C) . There was a central epithelial network connecting the presumptive nephrons that was positive for PAX2, CDH1, GATA3, LHX1, and KRT8 proteins (Fig. 3A,B ,E) and stained with the collecting duct specific-lectin, Dolichos biflorus (DBA) . As such, we described this as a ureteric epithelium/ collecting duct network. Within the forming nephrons, antibody staining showed evidence of a proximal nephron population positive for WT1, MAFB, and NPHS1, all proteins that ultimately mark the podocytes of the glomerulus ( Fig. 3E-G ). Between these regions was an EPCAM + CDH1 − epithelium identified as proximal tubule due to positive staining for CUBN, LRP2, HNF4A, and Lotus tetragonolobus lectin (LTL) (Fig. 3E,J,K) and an EPCAM + CDH1 + epithelium identified as distal tubule (Fig. 3E) . By day 25 of culture (18 d after plating on Transwell filters), this medial segment showed staining for UMOD suggesting the formation of a presumptive loop of Henle (Fig. 3A,B,E) . Around the forming nephrons was a MEIS1 + stroma (Fig. 3E ), a KDR1 + SOX17 + CD31 + endothelial plexus ( Fig. 3C-E) , and some evidence for a PDGFRA + pericyte population alongside this . Hence, these kidney organoids showed substantial cellular complexity, including the spontaneous formation of nephrons within a stroma that also contained a vasculature. The presence of a ureteric epithelium, distal nephron segments, and a clear vasculature and perivascular population suggested that this protocol represented the most complex kidney organoid protocol described to date. However, as noted above, re-examination of the other protocols also shows evidence of endothelium and more extensive evidence of nephron segmentation (Fig.  2) . Hence, the published protocols generate similar structures with structural differences primarily reflecting varying culture format.
Characterizing the renal cell types evident within kidney organoids Kidney organoids are recognizable as kidney due to the presence of patterning and segmenting nephrons that display an appropriate morphology and segment-specific pro-tein staining. Both global profiling and characterization of individual cellular components is helping us to understand the developmental accuracy and relative maturity of component cell types compared with existing immortalized human cell lines. Perhaps the cell type most thoroughly characterized to date are the glomerular epithelial cells or podocytes of the nephrons (Fig. 3F-H) . Initially examined via microarray profiling of human kidney organoids generated using the Taguchi protocol (Sharmin et al. 2016) , these have more recently been analyzed after both FACS sorting, primary 2D culture (OrgPods), and in intact isolated 3D organoid glomeruli (OrgGloms) via RNAseq . While freshly isolated OrgPods cultured in 2D showed an appropriate podocyte morphology, protein expression and response to insulin, as previously demonstrated using human immortalized podocyte cell lines, the presence of polarized slit diaphragm proteins (Fig. 3F) , and improved expression of podocyte-specific genes (Fig. 3H) was seen in the 3D OrgGloms . Indeed, proteomic analysis showed a more mature matrisome in 3D than 2D with evidence for appropriate collagen and laminin switching. The colocalization of slit diaphragm proteins has also been reported using the Freedman ) and Taguchi (Tanigawa et al. 2018) protocols. Indeed, most recently Yoshimura et al. (2019) modified their directed differentiation protocol to maximize the formation of podocytes at the expense of other kidney cell types. This involved inhibition of both Wnt and TGFβ signaling to proximalize the forming renal vesicle epithelium, resulting in a layer of >90% podocyte (Yoshimura et al. 2019) . Such studies suggest that the level of podocyte identity present in the glomeruli of organoids is superior to any previous model of this complex and structurally constrained cell type. Indeed, using induced pluripotent stem cell lines from congenital nephrotic syndrome patients carrying distinct point mutations in NPHS1, both Tanigawa et al. (2018) and Hale et al. (2018) show that the resulting organoid glomeruli display podocyte defects consistent with the patient phenotype. This is a powerful proof of concept for disease modeling using organoids.
The individual characterization of human renal cell types within organoids is being assisted via the development of fluorescent reporter tools generated using CRISPR/Cas9 gene editing (Sharmin et al. 2016; Boreström et al. 2018; Hale et al. 2018; Howden et al. 2018; van den Berg et al. 2018; Vanslambrouck et al. 2019) . By targeting fluorescent reporter proteins to the loci of cell type-specific genes, it has been possible to visualize these cell types within the organoids in vitro (Sharmin et al. 2016; Boreström et al. 2018 ) and in vivo after transplantation (van den Berg et al. 2018) as well as isolate and characterize individual cell types from within organoids using fluorescence activated cell sorting ( Fig. 3I-N ; Vanslambrouck et al. 2019 ). This approach was applied for the temporal transcriptional analysis of the maturing glomerulus using a MAFBmTAGBFP reporter line that marks the forming podocytes ( Fig. 3M ; Hale et al. 2018 ) and has been shown recently to effectively enrich for a variety of cell types from within complex organoids, including Cold Spring Harbor Laboratory Press on October 21, 2019 -Published by genesdev.cshlp.org Downloaded from endothelium, nephron progenitor, proximal tubule, and distal tubule ( Fig. 3I-N ; Vanslambrouck et al. 2019 ). The generation of fluorescent single and double fluorophore reporter lines (Fig. 3N ) will also allow time-lapse imaging of morphogenesis, facilitating an analysis of nephron formation within kidney organoids. This should identify how nephron segmentation is occurring in vitro and potentially enlightening about developmental processes never observed in human development. Alternatively, such analyses may identify problems with the appropriate induction of segment-specific transcription factors, thereby ultimately leading to optimization of the differentiation protocols. Finally, reporter lines are now allowing the dissection of lineage relationships in the human system ( Fig. 3OP) . Indeed, we have now definitively shown that the nephron epithelium arising in our kidney organoids comes from a SIX2-expressing nephron progenitor, as anticipated based upon our understanding of nephron formation in the mouse (Fig. 3OP ; Howden et al. 2019 ).
The balance between reproducibility and cellular complexity
With these advances has come an extraordinary level of interest in kidney organoids. Indeed, the development of protocols for generating kidney organoids has been a disruptive technology in both developmental biology and experimental nephrology. The utility of such methods will require developmental accuracy, but will also need to be highly reproducible and applicable to any cell line. Like the developing kidney itself, kidney organoids contain multiple distinct cell types. This level of cellular complexity, while accurately generated during normal em-bryogenesis, represents a technical challenge. Indeed, this is a challenge for any complex multicellular pluripotent stem cell-derived organoid model. While a coronal section of an embryonic mouse brain will be anatomically equivalent to the same section taken from any normal mouse of that given strain and developmental age, a cerebral organoid can show considerable anatomical variation between organoids with variable numbers of ventricles, presence or absence of eye tissue and variable contribution of tissue representing other brain regions (Lancaster et al. 2013; Camp et al. 2015 ). An embryonic mouse also has an anatomically reliable clock such that it is easy to ensure that embryos of the same stage of development are being compared with each other. This is much less easy to control in an organoid culture. For kidney organoids to surpass the use of animal models, the protocols must be highly reproducible and transferable between distinct starting cell lines.
Transcriptional profiling has first allowed us to better understand the cellular complexity of kidney organoid models but also to begin to examine the robustness of the differentiation protocols and the sources of technical variability. Using single-cell RNA-seq, Wu et al. (2018) directly compared the temporal transcriptional changes across differentiation and the cellular complexity of both the Morizane et al. (2015) and kidney organoid protocols. They concluded that protocol-based differences in the relative nephron segments and potential off-target populations present existed between these two protocols, noting that both contained substantial stromal populations that were not readily identified based on our understanding of mouse kidney development. Kidney organoids generated using the Morizane protocol showed lower rates of cellular proliferation Tamoxifen (4-OHT) will result in the production of Cre recombinase within any cell expressing SIX2. As a result, loxP-Cre mediated excision of the EGFP cassette present within the GAPDH safe harbor locus will cause a switch in cell color from green to red (mCherry). Howden et al. (2019) . (P) High-resolution immunofluorescence of nephrons within kidney organoids subjected to early (day 7 + 10) or date (day 7 + 18) 4-OHT. mCherry indicates cells that have initiated SIX2 expression. mCherry + cells within nephrons after early induction shows that a SIX2-expressing progenitor contributes to nephron formation early in organoid patterning. The absence of mCherry within nephrons after late induction shows that this is no longer the case at later time points. Glomeruli (NPHS1; white), proximal tubules (LTL; blue), nephron epithelium (EpCAM; green). Adapted from Howden et al. (2019) . Scale bars, 50 µM. and potentially greater maturation of component cell types. They went on to map the expression of genes previously associated with kidney disease, suggesting significant potential for kidney organoids to recapitulate such transcriptional networks. A much larger single cell study (440,000 single cells) comparing the same two protocols is now available as preprint (Subramanian et al. 2019) and similarly concluded that kidney organoids contain cell clusters recognizable as anticipated cell types within the developing kidney. They also concluded that the protocols are robust and reproducible by comparing different cell lines differentiated using the same methods (Subramanian et al. 2019) . More recently, organoids generated using the Freedman protocol have been analyzed identifying the expression of podocyte genes known to be associated with glomerular disease (Harder et al. 2019) .
Using global organoid RNA-seq, we have more formally examined the sources of variation in organoids generated using the Takasato protocol between cell line, individual organoid, and individual experimental batch across time (Phipson et al. 2019) . The reproducibility of the differentiation protocol between lines was confirmed ( Fig. 4A ). Not surprisingly, however, this analysis identified technical issues, such as batch, as a major source of global transcriptional variation. The most variable genes between experimental batch included genes which increase in expression with nephron tubulogenesis, suggesting that distinct lines and experiments were slightly more or less differentiated than their comparator. This may reflect batch-to-batch variations in growth factors, cell density, or line-specific differences in rates of proliferation, but highlights the challenge of accurately identifying genuinely disease-related transcriptional changes between patient and control lines. In the same study, an analysis of organoids at the single-cell level again showed tight congruence between organoids particularly within a single batch (Fig. 4B ), but illustrated shifts in relative component cell types, including relative nephron maturation and offtarget populations, as contributing to batch to batch variation. A tightening of the differentiation parameters and consideration of experimental design needs to be guided by such observations. Indeed, in a study comparing the transcriptional profile of magnetically sorted epithelium from kidney organoids generated from a nephronophthisis patient-derived iPSC and a CRISPR/Cas9 gene corrected iPSC line, normalization for highly variable genes revealed a clear defect in epithelial polarization that was confirmed in matrigel culture (Forbes et al. 2018) .
Examining the transcriptional congruence between kidney organoids and the human fetal kidney
Having established the robustness, transferability and cellular complexity of kidney organoids, how well do these structures really model the normal processes of kidney morphogenesis and will a model of a developing human kidney, no matter how accurate, be of clinical value? Morphologically, the early nephrons in these kidney organoids appear to pattern in a similar fashion to what might be expected based on our understanding of kidney morphogenesis in mouse and human. There is also a global transcriptional congruence evident between kidney organoids and Trimester 1 human kidney, which exceeds that with other human fetal tissues . With the recent increasing access to single-cell transcriptional data from the human fetal kidney, it has also been possible to begin to directly compare organoid and fetal kidney tissue.
Cell types within kidney organoids were initially defined based on morphology and expression of established markers of mouse renal cell types by immunofluorescence. The application of single-cell profiling has enabled a deeper analysis of kidney organoid cell types, dramatically expanding the complement of markers used to identify organoid renal cell types and identifying varying proportions of off-target neural, glial, muscle progenitor, and melanocyte populations (Wu et al. 2018; Combes et al. 2019b; Harder et al. 2019; Howden et al. 2019; Subramanian et al. 2019) . Pseudotime analysis of organoid nephron cell types suggests that organoid nephron formation replicates the expected trajectory from nephron progenitor to podocyte and tubular endpoints (Combes et al. 2019b) . Despite the expression of key cell type markers in kidney organoids, the possibility of deeper underlying differences between organoid nephron, stromal, and endothelial cell types and those from the human fetal kidney remained. To address this we performed an integrated analysis of single cell profiles from human kidney organoids with cells from the human fetal kidney cortex (Lindstrom et al. 2018b) . Clusters in the combined data set contained cells from organoids and human fetal kidney with transcriptional congruence for cell type-specific markers of stromal, nephron, and endothelial cell types ( Fig. 4CD ; Combes et al. 2019b ). The relative proportions of stromal, nephron, endothelial and other cell types were comparable between the data sets ( Fig. 4E ). Other comparisons of organoid and human kidney cell types have found similar conservation (Wu et al. 2018; Harder et al. 2019) . Our understanding of stromal populations in the human fetal kidney is limited. However, human fetal kidney data sampled from the renal cortex contained five populations within three major groups (Lindstrom et al. 2018b ). These populations appeared to be conserved to some extent in kidney organoids with human fetal kidney and organoid cells substantially contributing to three combined stromal clusters (C0-C2) (Fig. 4C) . Analysis of genes conserved between human fetal kidney and organoid cells within these clusters identified conservation of renal stromal markers including TAGLN, PDGFRA, DCN, MGP, PDGFRB, and many more. However, established markers of the nephrogenic zone stroma such as FOXD1 and PBX1 were not detected in either the organoid or human fetal kidney cells, despite these genes being present in bulk RNA sequencing data sets for both tissue types (Lindstrom et al. 2018c; Phipson et al. 2019) . Likewise, insight into signaling pathway components expected to play analogous roles in mouse and human was limited. Failing to detect established marker genes sustains the possibility of important differences between cell types in organoids and human fetal kidney that may only be revealed by comparison of improved data sets. Despite the absence of some expected markers there is a high level of congruence in how kidney organoid cell types cluster in isolation or combined with human fetal kidney, again supporting congruence between key renal cell types from both tissue types (Fig. 4F) .
Accurate lineage but precocious cessation of nephrogenesis within organoids
The described transcriptional analyses of organoids supports their molecular relevance as a model of human nephrogenesis; however, it says little about morphology. As described above, ongoing nephrogenesis within the developing mouse kidney is driven via the reciprocal Combes et al. (2019b) . (E) Relative abundance of key cellular elements in human fetal kidney versus kidney organoid. Note that while stroma is a prevalent component in kidney organoids, this is also the case in human fetal kidney. Kidney organoids showed a higher level of proliferating cells (cell cycle). Reprinted from Combes et al. (2019b) . (F ) Comparison of organoid cell clustering in "organoid only" to "combined" organoid and human fetal kidney clusters. Overlap in samples within clusters from the different analyses is shown using the Jaccard Index (JI) with a score of 1 (yellow) indicating identical clusters and 0 (blue) indicating no cells in common. Combined (C) cluster identities are listed at the left of the heat map indicating JI score, some markers conserved between organoid and fetal kidney cells within each cluster are listed at the right.
interactions between the ureteric tip and the surrounding nephron progenitor population, the SIX2 + cap mesenchyme. A premature commitment of the nephron progenitor population to nephron formation results in hypoplasia as both branching and nephrogenesis cease (Self et al. 2006) . Does a nephron progenitor population exist in kidney organoids and is there ongoing nephron formation? What is not evident in any of hPSC-derived kidney organoids described above is a branching ureteric tree with tips surrounded by cap mesenchyme. However, nephrons are clearly forming. We have recently begun to look into the lineage relationships of the cells present within our kidney organoids to tease these questions apart. Using a unique lineage reporter system involving the homozygous targeting of a loxP-GFP-loxP-mCherry cassette into the GAPDH safe harbour locus and Cre recombinase into the SIX2 locus, it has been possible to show that the epithelial cells of kidney organoid nephrons do indeed arise from a SIX2-expressing population, as would be anticipated based upon the mouse ). Importantly, there was no evidence that this cell type gave rise to the endothelial population within organoids, suggesting a distinct lineage relationship between nephron epithelium and other organoid cell types . By retargeting the SIX2 locus with CreERT2 (Fig. 3O) , it was also possible to determine whether there is evidence for continued nephron formation from such a progenitor population across time in an organoid by controlling the timing and dose of tamoxifen (Fig. 3P ). Induction of Cre recombinase at day 10 of culture resulted in a clear contribution of the SIX2-expressing cells to nephron epithelia, including the glomeruli and presumptive proximal and distal tubules (Fig. 3P ). However, induction at day 18 resulted in the identification of a stromal SIX2-derived population but no evidence of ongoing nephrogenesis ( Fig. 3P ; Howden et al. 2019 ). Indeed, it is possible that there are distinct SIX2-expressing populations arising at this time that may represent off-target cell types, such a muscle progenitors. This lack of evidence of ongoing nephrogenesis within organoids agrees with the observed morphology that suggests the synchronous formation of tubular structures which subsequently elongate and pattern (Phipson et al. 2019) . It also agrees with what would be anticipated in the absence of ureteric tips with a surrounding nephrogenic zone. As such, this is one of the most critical deficits of current organoid protocols. The implications of this become the most stark when one considers the prospects for renal replacement. A number of groups have shown evidence that a transplanted organoid can draw in a host vasculature with evidence of substantive glomerular and tubular maturation (Sharmin et al. 2016; Bantounas et al. 2018; Tanigawa et al. 2018; van den Berg et al. 2018 ). However, if there is no prospect of ongoing nephrogenesis, all current approaches fall short with respect to tissue mass and will not generate new nephrons after transplantation. When plating 5 × 10 5 starting cells, we can generate organoids containing ∼100 nephrons . This represents a functional shortfall of four orders of magnitude with respect to average nephron number in a human kidney (∼1,000,000/kidney) (Hughson et al. 2003) . While this level of endowment is likely sufficient for toxicity screening or disease modeling, it would not represent a tissue capable of renal replacement.
Organoids lack of a dichotomously branching collecting duct
Recent analysis in the human fetal kidney would suggest that the collecting duct tips should be marked by RET expression (Lindstrom et al. 2018c; Menon et al. 2018; Hochane et al. 2019) as might be predicted from mice (Costantini and Kopan 2010) , although single-cell data sets have not definitively described WNT9B expression. Unlike the developing human kidney, a kidney organoid does not arise via the ingrowth of a dichotomously branching ureteric tree comprising RET + ureteric tips (Fig. 5) . Indeed, most organoid protocols do not have any evidence for a ureteric epithelium. noted the presence of a GATA3 + CDH1 + epithelium, described as collecting duct, that is forming a contiguous network to which the nephrons are attached ( Fig. 6A-D) . However, global organoid profiling did not detect WNT9B or RET expression. It is possible that this GATA3 + epithelium is actually a connecting segment, a term used to describe the region of the nephron connecting it to the collecting duct epithelium ). Lindstrom et al. (2018d) show evidence for the presence for GATA3 protein within the human distal nephron/connecting segment. Mouse lineage tracing clearly shows that the connecting segment is derived from nephron progenitors (Georgas et al. 2009 ). Curiously, the recent lineage tracing in kidney organoids revealed no Cherry expression (a readout of SIX2 lineage) within this presumptive ureteric epithelium (Fig. 6E) , consistent with a distinct origin for this epithelium compared with the rest of the nephron epithelia ). This either supports the identity of this epithelium as ureteric epithelium or suggests that, unlike in the mouse (Georgas et al. 2009 ), the connecting segment in human does not arise from the SIX2 + nephron progenitors. Our own analysis of the connecting segment in mice, at the level of both gene expression ( Fig. 6F ) and immunofluorescence (Fig. 6G) , also argues that Gata3 protein is present in both connecting segment and ureteric epithelium (Combes et al. 2019b) . Indeed, this is also the case for other markers frequently used to identify ureteric epithelium/collecting duct, including Hoxb7, Krt8, Krt18, and Aqp2 (Fig. 6F ). As such, these markers can no longer be used to definitively identify ureteric epithelium/collecting duct. This has substantial implications for a number of more recent studies describing the generation of ureteric epithelium/collecting duct from pluripotent stem cells (Xia et al. 2013; Mae et al. 2018; Hariharan et al. 2019) .
Relative maturation of kidney organoids
Alongside the absence of ongoing nephrogenesis, current kidney organoid protocols show little evidence of functional maturation (Fig. 5) . As is the case in the mouse or human fetal kidney, the early nephrons are functionally immature. While the proximal tubules of kidney organoids show expression of CUBULIN and MEGALIN and do show some capacity to endocytose albumin in vitro, they only express low levels of the requisite cationic and anionic solute channels, amino acid transporters and glucose transporters required for postnatal function . There have been claims that the proximal tubular segments in kidney organoids are appropriately sensitive to cisplatin and can induce expression of HAVCR1/KIM1 Morizane et al. 2015) . Our own analysis does not show evidence of up-regulation of this gene in response to cisplatin (Y-C Soo, S Howden, M Little, unpubl.), which may result from the relative immaturity of the proximal tubular epithelium. Indeed, there is no evidence of substantive SLC22A2/OCT2 expression in organoids Wu et al. 2018; Combes et al. 2019b ) that would be required for selective cisplatin uptake. In addition, many of the toxins to which the proximal tubule is sensitive would enter the cell from the urinary filtrate through solute channels displayed on the apical surface of the proximal tubular cells. As no filtrate is forming, this would not occur in an organoid to any extent.
To date, the protocols described for generating kidney organoids have a relatively finite lifespan, with most showing nephron loss, fibrosis, or increasing evidence of off target populations after ∼30 d of in vitro culture. Indeed, with time in culture the center of organoids show deposition of extracellular matrix and a decline in endothelial populations . Several approaches to generating kidney organoids in suspension show clear evidence of cyst formation and fibrotic expansion with time (Przepiorski et al. 2018; Kumar et al. 2019) . This suggests that while we have managed to replicate early patterning events, we have not created an environment suitable for tubular proliferation and continued development. This is not surprising given the late func-tional maturation of specific nephron segments in the mouse. Nor is it surprising given the absence of a functional vascular supply. Endothelial networks are evident in several protocols Wu et al. 2018; Combes et al. 2019b) ; however, formation of glomerular capillaries is rare ( Fig. 5 ) and endothelial gene signatures decline with culture time. The application of sheer stress via organoid culture (Morizane protocol) within an addressable PDMS chamber has been shown to sustain and support endothelial populations and their vascularization of organoids in vitro (Homan et al. 2019) . However, it is the provision of a host vasculature that definitely appears to improve tubular morphology, with evidence of the formation of intercalated cells within the distal epithelial segments of our own organoid protocol within 2 wk of renal subcapsular transplantation (van den Berg et al. 2018) . In contrast, an organoid left to grow in vitro for the same period of time shows no evidence of maturation (van den Berg et al. 2018) . The capacity to mimic such a vascular supply in vitro is challenging, but is likely to be required if we wish to mature the proximal tubule to the stage of having mature transporter activity and barrier function. Without these traits, kidney organoids will struggle to prove useful for toxicology screening or modeling of certain tubulopathies.
There has been some suggestion that kidney organoids may also prove useful in screening for treatment or improving our understanding of postnatal renal pathologies, including interstitial fibrosis, diabetic nephropathy, or glomerulosclerosis. Here again, current kidney organoid models fall short of what would be required to accurately model such conditions. For example, diabetic nephropathy arises in response to continuous high levels of circulating glucose. While is it clear that some individuals show higher risk of nephropathic complications than others, without the presence of a circulation, fenestrated glomerular capillaries or a glomerular basement membrane, it is not clear whether this can be modeled in vitro. In addition, almost all tissue culture media are high in glucose, making the control situation abnormal with respect to glucose. Indeed, it is possible that this abnormal metabolic environment itself may hinder the capacity for a kidney organoid to mature normally. Hence, it is likely that there will need to be many more modifications to our differentiation protocols and culture formats before solutions to such challenges are found.
Other points of divergence between developing organ and organoid
The absence of ongoing nephrogenesis within organoids limits both the nephron number and potentially other aspects of morphogenesis. Given the clinical relevance of renal hypoplasia (small kidneys), let alone frank dysplasia, all such inaccuracies have the potential to be major problems to the utility of organoids. Indeed, it is understanding the points of divergence that will focus efforts on improving the differentiation protocols as well as refining organoid applications (Fig. 5) .
The stroma of the developing kidney, while poorly understood, is clearly required to refine the process of organ morphogenesis. Signals from the stroma are critical in the elongation of the nephrons (Yu et al. 2009 ) and support of the cap mesenchyme (Das et al. 2013) . Kidney organoids contain a complex set of stromal populations; however, these are not arranged in the same way as the developing kidney. Indeed, while there is evidence for occasional FOXD1 + stromal cells, these are not prevalent or patterned into a cortical stromal zone. It is possible that this results in part from the fact that not all stromal elements of the developing kidney arise within the metanephric mesenchyme. For example, the medullary Tbx18 + stroma of the mouse likely migrates into the kidney with the ureteric bud (Bohnenpoll et al. 2013 ). Hence, some stromal compartments may simply not be present Figure 6 . The challenge of a higher order kidney from induced pluripotent stem cells.
(A) Immunofluorescence of putative collecting duct within human kidney organoid. PAX2 (green), GATA3 (purple), CDH1 (yellow). (B) Evidence for an intervening nephron segment (CDH1 + ) between the proximal nephron (LTL; blue) and the putative collecting duct (CDH1 + GATA3 + ). (C ) Evidence for an intervening nephron segment (CDH1 + ) between the thick ascending limb/distal straight tubule (SLC12A1; white) and the putative collecting duct (GATA3, red). (D) Sectioned kidney organoids showing evidence for a contiguous GATA3 + CDH1 + epithelium connecting all nephrons within the kidney organoid. Reprinted from Higgins et al. (2018) . (E) Lineage tracing shows contribution of SIX2expressing cells to nephron segments other than the distal GATA3-expressing region. From Howden et al. (2019) . (F) Comparison of expression between E18.5 mouse kidney distal nephron and collecting duct shows coexpression of many genes assumed to be collecting duct specific, including Hoxb7, Gata3, Calb1, Krt8, Krt18, and Aqp2. Reprinted from Combes et al. (2019a) . (G) Evidence in mouse for expression of Gata3 and Hoxb7 within distal nephron (DN), including distal tubule (DT) and connecting segment (CnS), as well as ureteric epithelium (UE)/ureteric tip (UT). Lineage tracing using the SIX2Cre-TdTomato shows a nephron progenitor (NP) origin for the DT and CnS but not the UT. Reprinted from Combes et al. (2019a) with permission from Elsevier. (H,I) Immunofluorescence of a murine higher order kidney organoid generated after combining mouse ESC-derived nephron progenitor and collecting duct progenitors with Foxd1-sorted mouse stroma. (H) Evidence for a branching collecting duct tree (CK8; red) and a peripheral nephron progenitor (Six2) population. (I) Evidence for the initiation of nephrons which connect to the collecting duct tree. Reprinted from Taguchi and Nishinakamura (2017) . (J) A branching presumptive collecting duct structure generated from human IPSC differentiated using directed differentiation to ureteric epithelium. Reprinted from Taguchi and Nishinakamura (2017). in kidney organoids while others may be off target populations.
While nephrons form and undergo patterning and segmentation, the detailed morphology of organoid nephrons have not been comprehensively studied. In our own protocol, we have evidence that kidney organoids contain early nephrons that are connecting to each other. While this process of nephron-to-nephron connections is only rarely referred to in descriptions of mouse metanephric development (Zhai et al. 2006) , this nephron-to-nephron connectivity in organoids may represent the process of arcading known to occur in the human fetal kidney after collecting duct branching ends in early Trimester 2 (Little 2015) . Indeed, a fundamental difference between mouse and human kidney development is the prolonged period of nephron formation without ureteric branching seen in the human fetal kidney (∼16-20 wk) (Little 2015) . While arcading may occur in the first week of neonatal life of the mouse, the period where nephrogenesis ceases ), this is not well appreciated. A second alternative is that the nephrons arising in most organoid protocols are not metanephric but are mesonephric tubules. There is strong transcriptional congruence between mesonephric and metanephric tubules in the mouse . As the human mesonephros arises around week 4 after conception, there is no transcriptional data available in human. However, if it is assumed that the pace at which a human pluripotent stem cell can pattern to a specific endpoint is linked to the speed at which the tissue would arise in vivo, a kidney organoid arising at day 25 may be mesonephric, or even pronephric. This does not explain why a mesonephric, or indeed, a pronephric tubule, would be likely to connect to one other as this is not an anatomical feature of the mesonephros in mouse or human. The formation of interconnecting mesonephric tubules is, however, a feature of mesonephros formation and regeneration in the fish (Gallegos et al. 2019) . Hence, if the same patterning processes applies, this unusual fusion of adjacent nephrons may simply represent an aberrant feature of in vitro culture unique to kidney organoids.
Changing culture formats to improve kidney organoids Clearly, kidney organoids remain imperfect models of the developing human organ. Major challenges remain around structure, functional maturation, and scale, all of which will impact on the feasibility and accuracy of applications including disease modeling, toxicological screening, and regenerative approaches. Despite this, a number of studies have shown a capacity to recapitulate genetic forms of kidney disease in vitro, including nephronophthisis and congenital nephrotic syndrome, using patient-derived iPSC (Forbes et al. 2018; Hale et al. 2018; Tanigawa et al. 2018) . What is possible outside of the embryo is to modify culture format to optimize such models for one or other application, even when this does not necessarily involve creating a perfect model of the developing organ. A variety of studies have now claimed improvements in scale up or relative maturation, including the use of dis-tinct culture formats and changes in culture materials (Table 2; Cruz et al. 2017; Czerniecki et al. 2018; Przepiorski et al. 2018; Garreta et al. 2019; Gupta et al. 2019; Kumar et al. 2019 ). In addition, protocols for the generation of specific renal cell subtypes, such as podocyte or collecting duct epithelium, are being reported (Musah et al. 2017; Taguchi and Nishinakamura 2017; Hale et al. 2018; Yoshimura et al. 2019) . Finally, a variety of approaches have now been proposed to improve vascularization in vitro (Homan et al. 2019) or provide vascular flow in vivo (Sharmin et al. 2016; Bantounas et al. 2018; van den Berg et al. 2018; Garreta et al. 2019; Gupta et al. 2019) . In most instances, these involve modifications of prior differentiation protocols (Table 2 ; Taguchi et al. 2014; Freedman et al. 2015; Morizane et al. 2015; .
One of the earliest conformational changes proposed was to move from adherent or micromass culture to suspension culture. Cruz et al. (2017) reported that this allowed for the presentation of epithelial cysts within cultures derived from stem cell lines into which autosomal dominant polycystic kidney disease gene mutations (homozygous PKD1 mutations) were engineered (Table  2) . Two more recent adaptations of the Takasato protocol have cultured early EBs, or micro-organoids generated from IM in suspension cultures, achieving a significant scale up in terms of final cell number (Table 2; Przepiorski et al. 2018; Kumar et al. 2019 ). However, both of these studies reported inappropriate stromal expansion and epithelial cyst formation even within organoids generated from control cell lines, either suggesting that these cultures failed to progress without pathological change or that they did not pattern as accurately when cultured in this format.
As described above, maturation of kidney organoids from early patterning and segmenting nephrons (human trimester 1) to mature functional epithelium has been a major challenge. While endothelial cells appear to be present in a number of protocols, these do not appear to persist with prolonged culture. The use of PDMS microchambers within which organoids are cultured under appropriate flow has been shown to increase the viability of the component endothelial cell population and their invasion of the forming glomeruli (Homan et al. 2019 ). iPSC-derived podocytes have also been subjected to flow within a chip and in co-culture with endothelial cells, reportedly leading to an increase in podocyte gene expression to that equivalent to an immortalized human podocyte cell line (Musah et al. 2017) . While it is clear that increased mechanical stress on mesenchymal stem cell differentiation can shift differentiation from fat to bone, it is also likely that Transwell culture, while apparently conducive to kidney organoid patterning, may not be the ideal environment for kidney culture. Hence, it is quite feasible that optimization of the biomaterials upon which an organoid is grown may influence the outcome. A recent study claims that the initial culture of undifferentiated iPSC on a hydrogel environment improves the maturation of the resulting organoids, while culture of the end product on a compliant hydrogel tuned to the stiffness of the chick chorioallantoic membrane is said to promote the relative amount of WT1-and LTL-positive structures within kidney organoids (Garreta et al. 2019) . Given the apparent technical variation between lines and between experiments with the same line, which has now been documented at the level of global and single cell RNAseq (Phipson et al. 2019) , such claims may need more careful examination. Indeed, a transcriptional comparison of 1-kPA and 60-kPa hydrogels with transwell filters was not made. Nevertheless, investigations into variations in plating and culture conditions will likely continue as we try to improve functional readouts for specific organoid uses.
Another incentive for changes in the format of culture has been the desire for high-content screening, either to dissect or improve differentiation conditions or to screen for drug toxicity or efficacy. Czerniecki et al. (2018) used a liquid handling robot to plate their initial cultures into 96-well formats, thereby automating the process of initiating differentiation to kidney. In their proof of principle, they used this approach to optimize the concentration of Wnt agonist in early patterning. This revealed considerable variability between experiments. We have recently used extrusion bioprinting to automate the process of generating a micromass culture at the stage of IM, facilitating the generation of large numbers of identical kidney organoids with a very low coefficient of variation as is required for screening (Higgins et al. 2018) . Such approaches have the potential of modification for high-content 3D screening when coupled with a rapid readout such as can be conferred via the use of fluorescent reporter hPSC lines (Boreström et al. 2018; Howden et al. 2018; Vanslambrouck et al. 2019) .
Perhaps the most important improvement required is the capacity for what is essentially a very early model of the kidney to "grow up." While formation of a urinary filtrate commences as soon as an immature glomerulus forms a capillary network, the tubular maturation required for appropriate balance of water, regulation of pH, and control of loss of proteins, glucose, Na, phosphorus, Ca, and K is not present until after birth. The profiling of kidney organoids performed to date confirms the immaturity of the tubular epithelium (Wu et al. 2018; Combes et al. 2019b) . What is evident is that the provision of an ex vivo blood supply does improve tubular ultrastructure. This has been achieved via transplantation either under the renal capsule or subcutaneously in immunocompromised mice or culture of organoids on the chick chorioallantoic membrane (Bantounas et al. 2018; van den Berg et al. 2018; Garreta et al. 2019) . In both examples, a nascent host-derived vasculature grows into the grafted organoid with TEM evidence for the presence of glomerular capillaries. In one study, based on the use of fluorescent reporter lines, multiphoton live imaging showed murine blood-flow through organoid glomeruli with evidence of human endothelial cell contribution to the neovasculature (van den Berg et al. 2018) . Recent data single-cell profiling such organoids after transplantation claim to show a reduction in off-target populations after transplantation (Subramanian et al. 2019) . Given the capacity for organoid to spontaneously vascularise, likely as a result of VEGF expression by the forming podocytes in the graft, this raises the prospect of generating hPSC-derived replacement tissue for the provision of renal replacement. It should be remembered that even the largest organoids described to date have ∼100 nephrons . There would also have to be a capacity for urine to exit the graft. Finally, the entire process would require appropriate quality control processes to ensure off-target differentiation did not result in teratoma formation. From a developmental perspective, however, the apparent capacity for vascular flow to improve histology is an interesting phenomenon and one, if more completely understood, that may assist us in engineering more mature structures for in vitro applications such as drug screening.
Building a higher-order kidney
While there has been intense focus on adapting currently described kidney organoid protocols for applications such as disease modeling, there has been arguably less focus on a careful analysis of developmental morphological accuracy and how this can be improved. While a replacement tissue may be the most ambitious target, remaining cognoscente of where we have and have not accurately modeled the developing kidney remains important. The key deficits of current organoid models lie in the absence of a nephrogenic zone (Fig. 5) . Indeed, in their seminal study, Taguchi et al. (2014) argued that it should not be possible to simultaneously generate both the ureteric bud and the nephrogenic mesenchyme. This was based on the fact that during normal mouse development the Wolffian duct arose early and in a more anterior region of the intermediate mesoderm before elongating to give rise to the ureteric bud, whereas the metanephric mesenchyme arose later in a more posterior position (Taguchi et al. 2014) . In line with their proposal that a distinct protocol would be required for the formation of a true collecting duct, this group have recently developed a distinct collecting duct differentiation protocol (Taguchi and Nishinakamura 2017) . This is again based on mouse development and involves patterning to a more anterior intermediate mesodermal population then the isolation of a CKIT + CXCR4 + subpopulation that can be induced to undergo epithelial branching in vitro in response to GDNF. In order to create a more accurate model of the developing kidney, they combined their mouse ESC-derived nephron progenitors with mouse ESC-derived collecting duct progenitors and mouse fetal kidney stroma. The resulting "higher-order" organoids showed beautiful collecting duct tree branching with evidence of forming and attaching nephrons (Fig.  6HIJ) . Immunostaining for Six2 also suggested the maintenance of a nephron progenitor population (Fig. 6H ). This was a remarkable achievement and a very promising advance. However, it was not evident whether nephrogenesis was continuing in such structures or whether once again such models had a finite nephron-forming capacity. Importantly, this approach was not successful in the human pluripotent stem cell context. This is likely to be due to the lack of an appropriate human stromal population as in the mouse system this appears to be required to support the other two populations. Indeed, it has proven very difficult in the field to define conditions within which it is possible to maintain mouse nephron progenitor cells in vitro. This group (Tanigawa et al. 2016 ) and others (Brown et al. 2015; Li et al. 2016 ) have developed media for this purpose. While the culture conditions used by this group to generate nephron progenitors from pluripotent stem cells does not utilize this maintenance media for their support, it still requires an active induction to get nephrons to form. Factors from a supporting stroma may assist.
What human stroma would be required to create a human "higher-order" kidney? While the Foxd1 + cortical stroma would normally surround the nephron progenitors of the nephrogenic zone in mouse, in human FOXD1 and even MEIS1 protein is seen in the nephron progenitors (Lindstrom et al. 2018b ). This is also not the stromal population present along the branching collecting duct. Indeed, there appear to be a number of distinct stromal zones within the developing mouse kidney, as evidenced by distinct patterns of gene expression both using in situ hybridization (GUDMAP) and at the single-cell transcriptional level (Magella et al. 2018; Combes et al. 2019b) . Available single-cell profiling of human fetal kidney also identifies many distinct stromal subpopulations. Similarly, single-cell analysis of our own organoid protocol identifies a number of distinct stromal populations (Combes et al. 2019b ). Hence, it seems that in some kidney organoid protocols a variety of potentially required stromal cell types may already exist, although whether these are sufficient for driving morphogenesis or off target is not clear.
Another possibility is that the two human pluripotent stem cell-derived populations combined in Taguchi and Nishinakamura (2017) were each inappropriately specified. While differentiation of a human branching epithelium positive for CK8 and SOX9 was evident ( Fig. 6J ), again these markers are not definitive of ureteric epithelium. No single-cell profiling was performed on either the putative collecting duct or nephron progenitor cultures generated by Taguchi and Nishinakamura (2017) . Indeed, the QPCR profiling performed included genes previously noted to not be definitive of this population, including PAX2, PAX8, LHX1, and GATA3. Conversely, no QPCR was performed for stroma subpopulations. Identifying the right combinations of all required patterning populations may prove to be very complex. However, without a capacity to continue to generate nephrons, the capacity to generate renal replacement tissue may be limited.
Conclusions
In summary, the capacity to direct differentiation of pluripotent stem cells through mesodermal patterning to early kidney is a remarkable technical leap. The simultaneous formation of a complex multicellular model of the developing kidney is testament to the power of em-bryogenic self-organization and illustrates the capacity for distinct cell types arising within kidney organoids to communicate with each other to generate a complex structure. However, as we have discussed here, at present, human pluripotent stem cell-derived kidney organoids represent an inaccurate model of the developing human kidney. While key component cells and structures are apparent, with evidence of transcriptional congruence with the developing organ in man, the accuracy of the differentiation varies, cellular representation is unbalanced, and distinct populations are not present. In addition, off target populations appear to arise with significant variation between individual differentiations. Overall, this suggests that a tightening of the patterning is required for accurate organoid formation. While changes in culture format and differentiation optimizations are likely to improve the cellular complexity, repertoire, and maturation of individual components, it may prove impossible to mature all organoid cell types in vitro and transplantation may be essential to provide appropriate urinary filtrate formation and hence flow.
